Abstract-This letter presents an information spatial focusing method for future smart environments using ultrawideband (UWB) wireless communications. This method allows to send high-data-rate information at predetermined specific spatial positions without localizing users, thereby protecting their privacy. The proposed approach is a combination of simplified UWB beamforming and signal processing. Compared to classical UWB beamforming, the proposed method exhibits greater information focusing capabilities by increasing greatly the peak-to-floor ratio between main and side beams.
Information Spatial Focusing Scheme for UWB Wireless Communications in Smart Environments
Theodoros Mavridis, Student Member, IEEE, Julien Sarrazin, Member, IEEE, Luca Petrillo, Philippe De Doncker, and Aziz Benlarbi-Delaï require large arrays of antennas and a large number of antennas.
Since the interantenna distance is fixed by the carrier wavelength, the beamwidth highly depends on the array size and then on the number of antennas. Since in UWB the wavelength is about 4.5 cm at center frequency, this involves large arrays that are complicated to implement in an indoor environment. Furthermore, to allow beam steering, it is necessary to implement variable phase shifters and amplifiers at each antenna. This creates costly systems. Time reversal [7] is the second solution used for spatial focusing, and it is particularly efficient with large bandwidths. The method used the multipath components (MPCs) created by the environment to achieve spatial and temporal focusing. It has been shown that the method works better in non-line-of-sight (NLOS) configurations. Also, it is a very expensive solution since it requires to be able to sample the impulse response and to reverse it over time [7] .
To be effectively implemented, only low-cost solutions have to be chosen. Consequently, there is an interest to develop new methods using simple and cheap systems to spatially confine communication.
To reduce the required number of antennas, a solution is to use wideband beamforming (WBF), which allows to have sparse arrays. Indeed, the interantenna distance is no longer reduced to the half of the wavelength [8] . However, the beamwidth still highly depends on the number of antennas.
The idea we propose to overcome this issue in BF is to consider a cooperative receiver. Instead of trying to spatially focus the energy as it is done classically in BF, it is proposed to spatially confine communication at the information level.
Section II presents the considered scenario of smart environments. Then, Section III describes the new two-antenna scheme to focus information. An experimental validation of the method is presented in Section IV, and a comparison to narrowband beamforming is conducted in Section V. Finally, Section VI concludes this letter.
II. SCENARIO
In smart environments, several objects in an environment are connected with relevant data. Classically, beamforming is proposed to achieve spatial focusing. In Fig. 1 , a schematic beamformer is presented to focus the energy in two directions. The discrimination of the two objects is conditioned on the width of the beam described by the half-power beamwidth . However, this value is determined by the array size and so by the number of antennas. To overcome this issue, this letter imposes a two-antenna array. The scheme presented in Fig. 2 shows a two-antenna transmitting base station having a large radiation pattern. Discrimination between objects 1 and 2 is not achieved by focusing energy, but rather by making information 1 decodable only at position 1, and information 2 only at position 2.
III. NOVEL TWO-ANTENNA SCHEME

A. Two-Antenna UWB Beamforming System
The proposed system uses a UWB transmitter equipped with two antennas spaced by a distance . One antenna has a variable delay line . The baseband transmitted signal is at the first antenna, and at the second one. is assumed to be a UWB baseband pulse, and is the carrier angular frequency. The baseband received signal depending on time and angular position is noted (1) 
where is the angular position of the receiver with respect to the center of the transmitting array as presented in Fig. 3 . To steer in a particular direction , the delay has to be adjusted as (3) where is the speed of light. By sending each signal with the right delay , it is possible to receive each signal at the right location. However, for sake of simplicity, in the following, it is assumed that only a single signal is transmitted. It has been shown in [8] that the peak-to-floor ratio of depends on the number of antennas and is limited to 3 dB for a two-antenna array. To increase focusing capabilities, a larger number of antennas is required.
B. Proposed Two-Antenna Scheme
To increase the peak-to-floor ratio and the receiver's signal-to-noise ratio (SNR), a time-sequencing method is used with a classical beamforming system. This method is carried out in two steps. In a first step, the signal is sent to the two antennas with a delay applied on antenna 2. The received signal is . In a second step, the signal on antenna 2 is also phase-shifted by . The received signal is . The same data is consequently sent twice, thereby dividing the achievable data rate by two. The receiver then recombines the two received signals according to (4) is maximal in a given direction . A functional scheme of the proposed method is shown in Fig. 3 . It is to be noted that the receiver itself remains a simple envelope detector as in the case of pulse-based communication. The added complexity here lies in the clock T that needs to be synchronized with the transmitter. The clock speed, however, can be much slower than the bit rate and can therefore be implemented in the preamble of the transmitted data frames. The limitation here comes from the channel. In fact, the clock T should be fast enough for the receiver to receive twice the same data with an invariant channel (once during the in-phase step and one during the out-of-phase step). Hence, T must be small with respect to the channel's time coherence.
For the sake of simplicity, the channel is supposed to be line-of-sight only. The distance between the Tx array and the Rx is large enough with respect to to assume the same magnitude for and . This magnitude is normalized to unity, so that [9] (5) where is the propagation delay between transmitter and the receiver Rx with , , is the carrier frequency, and is the Dirac delta function
It can be easily shown with (6) that (7) with . The equivalent beampattern BP of the sequenced two-antenna system is plotted in Fig. 4 . From Fig. 4 , it can be inferred that the peak-to-floor ratio has been widely increased for the equivalent beampattern (after signal processing) as compared to the classical beamforming scheme.
The equations have been developed here for line-of-sight channels. However, in real environments, channels are made up of several multipath components (MPCs). By integrating the received signals as in (7), it can be shown that the effect of MPCs is highly reduced due to their high delay.
IV. EXPERIMENTAL FOCUSING PERFORMANCE
To assess the validity of the proposed method in an indoor environment, an experiment in a -m room has been performed using a vector network analyzer (VNA). The distance between the transmitting antennas was fixed to 50 cm, and the receiving antenna was placed at 1.5 m from the transmitting array and was moved with an automatic positioning device. UWB SkyCross SMT-3TO10M-A omnidirectional antennas have been used for both transmitter and receiver. The total energy given by (2) and the equivalent beampattern -see (7)-are obtained by post-processing and compared by considering that is a Nyquist pulse with bandwidth . Measurements have been conducted in the UWB band (3.1-10.6 GHz) and are plotted in Fig. 5 .
Even if the proposed method is developed under free-space assumption (7), it is clear by observing Fig. 5 that it still works in a standard indoor environment. It is important to notice that the -axis of this figure goes from 11 to 11 . It is also shown that the drops below 10 dB after 5 . Since a classical beamformer cannot achieve a beam defined by 3-dB criteria with only two antennas, the comparison between the two methods is not straightforward. However, it can be basically concluded that a two-antenna classical beamformer is not able to spatially focus the signal (since there is only 2 dB of peak-to-floor ratio), while the proposed method can overcome this bottleneck.
The focusing performance is evaluated by studying the beamwidth at 3 dB:
. With the proposed scheme, it can be seen in Fig. 6 that the beamwidth decreases with increasing bandwidth and array size . To reach a given performance (determined by ), a tradeoff between the array size and the bandwidth has to be chosen. In practical situations, the array size is physically set. Then, the bandwidth has to be adjusted to reach the required performances.
V. COMPARISON TO NARROWBAND BEAMFORMING
The proposed method can be compared to narrowband linear array beamformers.
Assuming that the beamformer operates at a center frequency and that antennas are separated by half a wavelength, the total number of antennas is then directly related to the size of the array. In this section, we compare, for a given performance (that is a given ), the narrowband beamformer in terms of to the proposed two-antenna UWB beamformer scheme in terms of required frequency bandwidth. Table I shows the parameters of the two scenarios. For different center frequencies and array sizes, the half-power beamwidth is given, as well as the required number of antennas and the required bandwidth, for the narrowband beamformer and the proposed UWB beamformer, respectively. It is well known that for a given center frequency, the array size needs to be increased in order to obtain a narrower beamwidth. In the case of classical narrowband beamformers, this results in a greater number of antennas and phase shifters. Thus, obtaining steerable narrow beams is complicated and involves complex systems. In the case of our proposed method, the number of antennas remains equal to two, and the required bandwidth does not change significantly with the array size. Consequently, for a given center frequency, decreasing the beamwidth is only a matter of antenna location.
It can be seen that the method can reach narrow beamwidths with only two antennas. This simplifies a lot the transmitting array of the beamformer since it allows to save phase shifters and complex signal processing.
VI. CONCLUSION
The system presented in this letter allows to spatially focus information with a high peak-to-floor ratio with only two transmit antennas. The system, based on a two-antenna UWB beamforming architecture, consists in a time sequencing at the transmitting side and a recombination step at the receiving side, which is assumed to be cooperating and synchronized. The improved system allows to reach a peak-to-floor ratio of 15 dB, while it was limited to 3 dB in a typical two-antenna beamforming system. This improvement is done at the expense of the data rate, which is divided by 2 due to time sequencing.
